Introduction
[2] Most coupled general circulation models (CGCMs) produce subdued warming [e.g., Meehl et al., 1996; Gordon and O'Farrell, 1997; Delworth et al., 2002] or even cooling [Cai and Gordon, 1998; Russell and Rind, 1999; Wood et al., 1999; Boer et al., 2000; Miller and Russell, 2000; Washington et al., 2000; Dai et al., 2001] over the North Atlantic and/or the South Pacific sector of the Southern Ocean in response to increasing atmospheric greenhouse gases (GHGs). Many studies explain the regional subdued warming or cooling as due to the efficient sequestration of heat at depth in regions of deep mixed layers and changes in the large-scale ocean circulation leading to reduced heat transport convergence. Although those may be the most important factors responsible for the subdued warming of sea surface temperature (SST), the mechanism leading to a net local cooling as simulated in some models remains unclear. In Holland and Bitz [2003] , there are a number of models that show a region of reduced warming or even cooling over the high-latitude North Atlantic. They suggested that this results from a reduction in the ocean thermohaline circulation and a reduced heat transport into these regions. In addition to the cooling over the North Atlantic, it is also noteworthy that some CGCMs produce a slight, but significant, cooling in the Pacific sector of the Southern Ocean, where the deep vertical mixing of water predominates and the effective oceanic thermal inertia is very large. Manabe et al. [1991] attributed the relatively low warming in the Circumpolar Ocean of the Southern Hemisphere to the deep vertical mixing of heat in the Southern Ocean, in addition to the greater fraction of ocean as compared to the Northern Hemisphere. Cai and Gordon [1998] reported cooling in the Ross Sea region in excess of À1°C at the time of CO 2 doubling from a simulation forced by the IS92a scenario.
[3] This study investigates processes leading to regional cooling in global warming scenario experiments conducted with the NCAR Community Climate System Model version 3 (CCSM3). In spite of global warming late in the twentyfirst century, the model produces regional surface coolings (1$4°C) over the central midlatitude North Atlantic Ocean and the area north of the Ross Sea (Figure 1) . In this study, we limit the discussion to the cooling in the region north of the Ross Sea because the circulation in the North Atlantic in our control simulation has large inter-decadal variability and substantial drift. This more complex situation will be examined in a subsequent study. In the CCSM3, the mechanism triggering cooling over the region north of the Ross Sea is changes in the ocean circulation. Because the cooling in a warming climate is highly localized, it is important to analyze the oceanic processes on regional scales. Here we examine oceanic changes, focusing on the regional processes underlying the regional coolings in response to increased atmospheric GHGs forcing in the CCSM3.
[4] In the following, we first describe the model configuration used in this study in section 2. In section 3, we present the results of our analysis for the regional coolings in a warming climate. We examine the changes in water mass properties and circulation between late 21st century (2090$2099, referred as 2090s hereafter) and the late 20th century (1990$1999, referred as 1990s hereafter) . A discussion and a summary of our results are given in section 4.
Model Configuration
[5] The experiments used in this analysis were conducted by the Central Research Institute of Electric Power Industry (CRIEPI, Japan) and the National Center for Atmospheric Research (NCAR, USA) using CCSM3, the latest version of the NCAR Community Climate System Model on the Earth Simulator. Only a brief description of the model structure is given here. [6] Atmospheric processes are simulated by the Community Atmosphere Model [Collins et al., 2004] with horizontal resolution of T85 ($150 km) and 26 hybrid sigma-pressure levels in the vertical. The land surface component is the Community Land Model [Oleson et al., 2004] with resolution the same as the atmosphere model. The oceanic component of the model is the Parallel Ocean Program [Smith and Gent, 2004] using horizontal resolution of approximately 1°, with enhanced resolution in the tropics, and 40 vertical levels. The sea ice component is included using the Community Sea Ice Model [Briegleb et al., 2004] with resolution the same as the ocean model.
[7] CCSM3 was spun-up for preindustrial conditions by running the model for 930 years with constant greenhouse gas and aerosol concentrations of the year 1870. From this control simulation, initial conditions for three ensemble members were taken at year 380, 410, and 460. The initial conditions were chosen to sample different phases of low frequency oscillations in the thermohaline circulation and maximum northward heat transport in the Atlantic. We then forced the model in ensemble mode with transient historical greenhouse gas concentrations from 1870 up to 1999. From 2000 on, the runs continued by following the Intergovernmental Panel on Climate Change (IPCC) Special Report on Emissions Scenario (SRES) A1B scenario until year 2100 [Nakićenović et al., 2000] , leading to a CO 2 -equivalent concentration of 750 ppmv at the end of the simulation.
[8] In all plots we used 3-member ensemble-decadal means from the historical and SRES A1B simulations. All three ensemble members produce the same cooling pattern in the area north of the Ross Sea although there are some differences in strength (the maximum magnitude varies from À0.7°C to À0.9°C). There was no difference of processes leading to regional cooling in 30 year averaged fields.
Results
[9] Previous modeling studies provide several examples of subdued warming at high southern latitudes, where it has generally been attributed to the deep vertical mixing of heat, in addition to the greater fraction of ocean. Deep ocean mixing in the Southern Ocean delays warming of the mixed layer compared to elsewhere. In addition, weakened convection eliminates a source of heat to the mixed layer from below [Manabe et al., 1991] . While efficient vertical mixing in the area north of the Ross Sea may be the most important factor responsible for reducing the magnitude of sea surface temperature change, it cannot explain why the temperature change reverses sign.
[10] In the IPCC-SRES-A1B scenario, the global average surface temperatures are predicted to increase by about 2.5°C at the end of 21st century compared to the end of 20th century, somewhat more in the Northern Hemisphere (see the right panel of Figure 1a ). In Figure 1a , the change in the distribution of surface air temperature between the 2090s and the 1990s shows distinct regions of cooling in the central midlatitude North Atlantic and in the South Pacific sector of the Southern Ocean (especially the area north of the Ross Sea). The differences of upper ocean temperature averaged from the surface to 100 meter depth show a moderate surface cooling ($0.8°C, averaged value for upper ocean) from the 1990s to the 2090s over the area north of the Ross Sea (Figure 1b) . The coolings are larger in the upper ocean than in the surface atmosphere and maximum cooling is at about 100 meter below the ocean surface. We note that this pattern of cooling is distinctly different than that reported by Cai and Gordon [1998] . In their case the cooling is confined to latitudes poleward of 60°S, and they have a local maximum in warming close to the region of cooling in the present experiments.
[11] The changes of upper ocean circulation are responsible for this interesting phenomenon. Figure 2 shows the differences of the ensemble mean barotropic stream function and vertically integrated currents in the Southern Ocean between the 2090s and the 1990s. There is a substantial decrease in the ACC transports but no significant southnorth shifts of ACC path in the Atlantic and Indian sectors. The ACC transport at the Drake Passage decreases by about 20 Sv from the 1990s to the 2090s (not shown). However, a shift in the path of the ACC in the southwestern Pacific results in an increase in the zonal transport to the north and a decrease in transport to the south of the region of cooling.
[12] The changes of the ACC transport in the cooling region are occurring at all depths and have a connection with ocean topography. Considering the changes in upper ocean currents (Figure 3a ) and depth averaged ocean currents (Figure 3b) , it can be seen that the patterns are very similar, which means the changes are very barotropic, especially near the Pacific-Antarctic Ridge (Figures 3a and   3b , green color around 60°S and 150°W). Figure 4 shows the bottom topography and the differences of the bottom vertical velocity (taken from the top of the deepest model layer) between the 2090s and the 1990s. The decrease in the ACC transport due to global warming is associated with changes in the bottom vertical velocity, and hence changes of the vortex stretching. Through the Sverdup relation, a negative change in bottom velocity will tend to produce a negative change in meridional velocity and vice versa. Since the polar water has much colder temperature than the subpolar water, these horizontal current movements induce large temperature changes around the paths of the ACC.
[13] Consequently, the ACC moves northward along the ridge in response to changes in vortex stretching, and net cooling is induced in the area north of the Ross Sea. The presence of the ocean ridge thus strongly influences the change of ocean circulation in the region north of the Ross Sea.
Summary and Discussion
[14] The NCAR CCSM3 has been run in fully coupled mode with three ensemble members for the historical period, 1870 to the present, for projections of the 21st century using the IPCC-SRES-A1B scenario. Although this study has not presented global patterns for climate change, the warming is largest in the polar regions and the warming above the continental land mass is higher than that of the oceans. The warming is larger in the Northern Hemisphere than in the Southern Hemisphere, where the thermal inertia of the ocean is relatively large.
[15] Most models produce minimal warming in the northern Atlantic Ocean and the Southern Ocean, and some models including NCAR CCSM3 produce net cooling in these regions. Although the efficient vertical mixing may be the most important factor responsible for the subdued warming of sea surface temperature, it does not explain why the change is locally reversed in sign. This study has examined processes leading to regional cooling in the north of the Ross Sea due to global warming.
[16] In the CCSM3, the initial triggering cause for the cooling over the area north of the Ross Sea is changes in the ocean circulation. Accompanying the decrease in the ACC transport due to global warming, the ACC path moves northward associated with ocean topography. The decrease in the ACC transport is associated with changes in a vortex stretching near the Pacific-Antarctic. The change of water type expanding to the north induces the surface cooling in the area north of the Ross Sea.
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